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SUMMARY 


■  i 


1"lpolrtance  ?f  belnS  able  b°  assess  pilot  workload  In  real  flight  is  generally 
acknoytiedged  by  people  concerned  with  cockpit  design  and  operational  efficiency  and 

offw^kinadtTnnrii\^he  m°!!  and  probably  most  reliable  methods  of  estimating  levels 

test  Pilots  But  SsubiereMtp08et  0n  S°me  form  of  3ubJectlve  reporting  by  experienced 

test  pilots.  But  subjective  opinions  are  susceptible  to  bias  and  to  pre-conceived  ideas 

t^of fer^distinct  advan?age"d  °bJe°tlVe  meaSUre  t0  aUgment  these  0plnl0ns  "°“ld 


This  paper  describes  the  way  in  which  a  pilot's  heart  rate  can  be  recorded  to 

examples  ?romCRAE1^dfordqUtMVi<J«n,»  hl“  3ubJ®cbive  rating  of  workload.  A  small  number  of 
examples  from  RAE  Bedford  trials  are  presented  to  illustrate  the  technique,  and  a  short 

ht  glven,of  ,th®  BAe  Il<6  crew  Complement  Certification  exercise.  Finally  a 
current  flight  experiment  to  compare  heart  rate  levels  and  workload  ratings  in  a  more 

discussedCbrmiaenflyr.  13  descrlbed^The  rationale  for  using  heart  rate  in  this  way  is 
INTRODUCTION 

, ,  Whether  one  is  attempting  to  optimise  workload  levels  on  the  flight  deck  of  a  civil 
airliner  to  Improve  safety,  or  to  reduce  workload  in  the  cockpit  of  a  combat  aircraft  t-n 
improve  mission  effectiveness,  it  is  important  to  be  able  to  assess  workload  in  flight! 

°f  a11  any  paper  devoted  to  assessing  pilot  workload  it  is  clearly 

to  define  what  is  meant  by  the  term,  for  even  a  brief  survey  of  the  literature 

b^val8!^  andh6t  COnfUSl°n  tha!  exlsts '  Although  there  are  several  definitions  they  tend  to 
be  V?wiUe  a£d  t0  vary  accordlnE  to  the  disciplines  and  interests  of  their  authors  it  is 
possible  however,  to  place  most  of  these  definitions  into  one  of  two  broad  conceptual 

that P  a,re  a03S30ciaatedarwl th t0  the  °f  the  fllght  tasks  "  lnput  load*  and  those 

cnat  are  associated  with  the  response  to  those  demands  -  operator  effort.  of  course 

,  ^.re  ri3i  afunda!nental  difference  between  these  two  groups  each  of  which  ha3  its  devotees! 

A  confliction  like  this  is  difficult,  if  not  impossible,  to  resolve  and  so  it  is  not 

surprising  that  there  is  no  general  agreement  on  what  is  meant  by  the  term  pilot  workload. 

would  ar£n!hfnralie  pompletene3s  lb  13  worth  pointing  out  that  a  small  number  of  people 

work  results  or  n«,f 1™?//  \\  group  cpntflnlnS  interpretations  of  workload  based  on 
sncrLsffd  performance.  Although  it  is  an  important  attribute  of  workload  it  is 

drf?n?£?nnsthi  per>f  °r,?ance  33  should  not  be  considered  as  the  basis  for  working 

stil^i^enMsf6^^  r^633’  ?ate/®r  interpretation  is  used  when  assessing  workload  it  if 
still  essential  to  define  and  monitor  performance. 

Designers  of  aircraft  cockpits  and  flight  decks  find  it  convenient  to  think  of 
!J?^load^  ^  the  taak*  In  this  way  they  can  predict  levels  of  workload  for 

of  tas^s  fnd  operational  situations  by  using  data  derived  from  various  types 

task  and  time  analysis  in  mock-ups  and  simulators.  (1),  (2)  (3).  Levels  or  indices  of 
theoretical  workload  (perhaps  more  appropriately  termed  'task  load'),  usually  expressed  as 
a  function  of  time  required  and  time  available,  are  extremely  valuable  in  the  design  stage 
u  ,  eventually,  levels  of  actual  workload  will  need  to  be  assessed  in  real  flight, 

this  paper  workload  is  considered  to  be  related  to  effort  -  an  interpretation 
Tt^  1  s  conslstent  with  the  views  of  more  than  8ot  of  professional  pilots  (4) 

Interpretation  that  agrees  well  with  the  influence  on  the  piloting  task  of 
such  individual  factors  a3  natural  ability,  training  and  experience  physical  fii-np<:a 
ag®»  aad  bb®  individual  response  to  stress.  Cooper  and  Harper  (5),  in ’the  introduction  to 

a  fligJuv  mCdififd  ^irm  '  suggested  a  definition  of  pilot  workload  which,  tn 

a  slightly  modified  form,  seems  to  be  most  appropriate:  Pilot  workload  is  the  integrated 

menta!  and  physical  effort  required  to  satisfy  the  perceived  demands  of  a  specified  flight 


workload  m°vt  aS8d  and  Probably  the  most  reliable  methods  for  assessing 

workload  in  flight  are  based  on  some  form  of  subjective  reporting  by  experienced  test 
pilots.  Unfortunately,  subjective  opinions  are  susceptible to  bias * and ^  pretconceivld 
ideas  and  so  there  are  clear  theoretical  advantages  in  using  more  objective  techniques  to 
workload-  Among  the  many  techniques  studled%re  those  based  on  measuring 
physiological  variables;  but  the  method  of  choice  must  be  non-intruslve  as  well  as  being 
compatible  with  flight  safety.  Heart  rate,  which  satisfies  these  criteria,  isrelatJvely 

Pcarr\edreoutd  ^ th®  dlscre„te  nature  of  the  signal  allows  various  forms  of  analysis  to 
be  carried  out  with  ease.  Moreover,  the  use  of  a  physiological  variable  tn 

workload  fits  in  well  with  a  concept  that  allows  for  the  individual  nature  of*  piloting 
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Heart  rate  has  been  recorded  In  flight  extensively  at  the  Royal  Aircraft 
Establishment  at  Bedford  over  a  period  of  some  15  years.  After  a  three  year  exploratorv 
study,  during  which  test  pilots  were  monitored  while  flying  a  wide  variety  of  aircraft 

£Pe8  It  was  decided  to  record  heart  rate  routinely  to  support  pilot  opinion  during 

those  flight  trials  where  assessing  workload  is  important.  B 

This  paper  describes  examples  taken  from  a  number  of  flight  trials  where  this  method 
of  assessing  workload  has  proved  to  be  of  some  value 

METHODOLOGY 


The  technique  used  at  Bedford  for  recording  heart  rate  in  flight  is  based  on  the 
electrocardiograph  (ECG) .  Amplified  ECG  signals,  detected  by  means  of  two  disposable 
electrodes  applied  to  the  pilot's  chest,  are  recorded  in  analogue  form  on  magnetic  tape 
along  with  speech  and  various  aircraft  parameters.  In  the  first  instance  heart  rate  is 
plotted  out  in  beat-to-beat  form  together  with  the  ECG  'R'  wave  -  the  basic  signal  (Pig  6 
is  an  example);  subsequently  mean  rates  for  consecutive  30  sec  epochs  are  plotted’against 
time,  these  are  found  to  be% most  useful  (Fig  2  is  an  example).  Mean  heart  rate  values  for 
particular  flight  manoeuvres,  tasks,  or  sub-tasks  may  be  calculated  as  required. 

Initially  pilot  opinions  of  workload  were  given  in  a  relatively  unstructured 
descriptive  manner  but  the  need  for  some  form  of  rating  scale  soon  became  obvious  *  After 
much  trial  and  error,  and  with  the  help  of  numerous  comments  and  critlsisms  from  test 
pilots,  a  ten-point  scale  using  the  concept  of  spare  capacity  was  developed  (Pig  l).  The 
overall  design  is  based  on  the  Cooper-Harper  Handling  Qualities  Rating  Scale  (5),  familiar 
to  Bedford  test  pilots  and  sometimes  used  previously,  though  mistakenly,  to  rate  workload 


The  scale  is  not  linear  and  proably  lacks  sensitivity  at  the  lower  end  but  is 
readily  accepted  by  most  pilots  who  have  found  it  easy  to  use  without  the  need  to  always 
refer  to  the  decision  tree.  Half  ratings  are  allowed  within  each  decision  branch  and  tend 
to  be  used  frequently;  originally  it  was  decided  not  to  permit  the  use  of  half  ratings 
between  the  decision  branches  but  the  occasional  difficulty  of  deciding  between  the  last 
two  branches,  (in  effect  between  ratings  3  and  4)  was  resolved  by  accepting  a  rating  of 
3i.  Pilots  seem  to  find  it  much  easier  to  rate  a  flight  task  if  it  is  short  and  well 
defined. 

Most  of  the  flight  trials  of  interest  from  the  point  of  view  of  workload  have 
Involved  the  take-off  or  the  approach  and  landing,  two  tasks  that  are  well  defined  and 
where  performance  can  usually  be  monitored  by  on-board  instrumentation  and  by  airfield- 
sited  kinetheodolites  or  radar. 

Heart  rates  and  opinion  ratings  indicate  only  relative  differences  in  workload  so 
that  it  is  helpful  to  have  some  form  of  datum  for  purposes  of  comparison.  Although  it  is 
not  always  possible  to  compare  heart  rate  responses  for  different  experimental  variables 
during  the  same  sortie,  or  even  under  similar  flight  conditions,  the  advantages  of  doing 
so  are  obvious. 


The  individual  nature  of  heart  rate  responses  makes  it  necessary,  especially  when 
with  small  numbers  of  pilots,  for  each  pilot  to  be  considered  as  his  own  control. 
This  restriction,  together  with  the  high  cost  of  operating  research  aircraft,  usually 
makes  it  impossible  to  obtain  enough  data  for  worthwhile  statistical  analysis. 
Nevertheless,  obvious  trends  in  heart  rate  changes  together  with  pilot  ratings  can  provide 
valuable  and  reliable  indications  of  differences  in  workload  levels. 

EXAMPLES 


The  brief  examples  presented  in  this  action  have  been  selected  from 
flight  trials  to  demonstrate  the  practical  use  f  recording  pilots'  heart  rates 
of  augmenting  their  subjective  assessments  of  \  rkload. 


different 
as  a  means 


Hear*  rate  was  first  recorded  routinely  during  a  series  of  flight  trials  to  evaluate 
of  reduced-noise  landing  approaches  (8),  (9).  The  first  two  trials  used  a 
HS  74«  andover^ twin^ turbo-prop  transport  to  compare  simple-segment  steep  approaches  with 
gradients  of  6°,  7i*  and  9",  and,  later  two-segment  approaches  of  7J°  changing  to  3°  at 
200  ft,  with  conventional  3*  approaches.  There  was  generally  good  agreement  between  the 
project  pilots'  heart  rates  and  their  subjective  estimates  of  workload;  and  in  the  case  of 
the  single-segment  steep  approach  also  with  expected  levels  of  difficulty  -  the  workload 
being  expected  to  increase  with  steeper  approach  paths  and  higher  rates  of  descent.  Pigs 
2  and  3  are  examples  of  overall  mean  heart  rate  plots  (different  pilots).  Interestingly 
despite  their  relatively  low  heart  rate  responses  the  project  pilots  initially  rated  the 
workload  for  the  two-segment  approaches  as  high.  it  later  transpired  that  these  two 
pilots  had  instinctively  disliked  the  idea  of  changing  from  a  steep  gradient  -  with  the 
higher  rate  of  descent  -  to  a  normal  gradient  at  200  ft.  After  their  first  sortie  they 
modified  their  views  and  then  consistently  rated  the  7i°/3°  approaches  as  being  as  easy 
as,  if  not  easier  than,  the  normal  3°  approaches.  This  example  highlights  the  fact  that 
subjective  assessments  may  be  biased  by  allowing  instincts  and  misconceptions  to  influence 
Judgement.  It  also  illustrates  the  advantage  of  using  heart  rate  to  augment  —  or 
sometimes  to  question  -  subjective  assessments  of  workload. 

Similar  heart  rate  responses  during  a  later  trial  using  a  BAC  VC-10  four-jet 
transport  to  evaluate  5°/3°  two-segment  approaches  (with  a  transition  height  of  500  ft) 
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confirmed  pilots'  subjective  assessments  that  the  experimental  approach  profile  venerated 
similar  levels  of  workload  to  the  conventional  3°  approach  (Pig  4).  ® 

Pilots '  heart  rates  were  recorded  during  a  flight  test  programme  to  assess  t-he 
benefits  of  direct  lift  control  (DLC)  fitted  to*  a  BAC  1-11(10).  Fig® 5 Thews  overall  mean 

and6 without"1  DLC^  “it  roJeot  pllot®  ^corded  during  3‘  and  6*  approaches  flown  with 

and  without  DLC.  It  can  be  seen  that  the  only  appreciable  reduction  in  heart  rate  with 

du£lng  the  Slide  slope  acquisition  and  early  part  of  the  6"  approaches.  But 
glide  slope  performance  was  significantly  better  during  all  DLC  approaches  and  all  three 
pilots  reported  lower  workload  with  DLC.  Although  heart  rate  did  not  appear  to 
discriminate  between  the  two  experimental  conditions,  nor  did  it  agree  entirely  with  pilot 

their^ffopt-18!^1,6!?  K0?1"5  that  per,formariee  improved  which  suggests  that  pilots  increased 
their  effort  without  being  aware  of  it. 

,  These  examples  are  typical  of  flight  trials  in  which  workload  levels  for  different 
degrees  of  task  difficulty  can  be  compared  with  some  forms  of  datum  or  with  each  other 
Perhaps  a  well  designed  rating  scale  would  have  proved  useful  for  assessing  workload  in 

essential .tanC6S  Ut  Wher®  dlrect  comParison  is  not  possible  such  a  scale  becomes  almost 

i  i  4  The  versi°n  of  the  Bedford  rating  scale  wa3  introduced  during  the  HS  Harrier 

PPP^H  ,tak4e-off  ^lals  <10)-  Plg  6  shows  a  typical  beat-to-beat  heart  rate  Slot 
recorded  during  a  ski- Jump  take-off  -  rated  at  4.  This  can  be  compared  with  Fig  7  which 

wzl  r^aded  fr°imi  the  same  pllot  dut,ing  his  first  ski- Jump  take-off  -  rated  at  6.  There 
was  good  overall  agreement  between  heart  rate  responses  and  workload  ratings  in 
demonstrating  that  workload  levels  for  these  ramp  take-offs  are  no  higher  than  those  for 
conventional  short  take-offs  from  a  runway. 

.  ?lirlng„a  more  recent  series  of  flights  to  Evaluate  Economic  Category  3  landings  - 
o£\  aut°pll°t  approaches  to  a  50  ft  or  60  ft  decision  height  (depending  on 
aircraft  type)  ending  in  a  manual  landing  -  pilots'  heart  rates  and  workload  ratings  ^ere 

a^deM^ion1  hPi  ?  18  0f  a  typlcal  hear,t  fate  plot  indicating  the  increase  in  workload 

as  decision  height  is  neared  and  manual  control  assumed  for  the  landing.  The  scatter 

diagram  (Fig  9) illustrates  graphically  the  relationship  between  32  heart  rate  responses 
and  workload  ratings  in  real  fog  for  the  senior  project  pilot. 

These  brief  accounts  of  in-flight  workload  assessment  at  Bedford  are  offered  solely 
as  examples  of  the  way  in  which  the  technique  of  recording  pilot's  heart  rates  1-0 
supplement  their  subjective  opinions  has  been  developed  and  used  in  practice.  More 
detailed  reports  of  individual  trials  have  been  published  elsewhere  (see  references). 


BAe  146  WORKLOAD  CERTIFICATION 

A  short  description  of 
passenger  transport  aircraft 
relevant . 


the  use  of  this  technique 
-  the  British  Aerospace 


in  the  certification  of  a  new 
146  four-jet  feederliner  -  is 


Following  a  long,  and  sometimes  acrimonious,  debate  between  pilot  unions  on  the  one 
KfnCf*i^nd  °P®r6Jtors  and  manufacturers  on  the  other,  on  whether  Jet  transport  aircraft  can 
be  flown  safely  by  two  pilots  President  Reagan  attempted  to  resolve  the  controversy  by 
establishing  a  Task  Force  to  examine  the  question  impartlally( 12) •  The  President's  Task- 
Force  on  Aircraft  Crew  Complement,  which  reported  in  July  1981,  identified  flight  deck 
an!iyala  and  measut’etnent  as  a  major  issue  and  pointed  out  that  the  only  generally 
accepted  method  for  evaluating  workload  at  present  is  task/tlme-line  analysis  based  on  a 
comparison  with  previous  aircraft  and  flight  deck  designs.  It  was  suggested  that  this 
method  supplemented  by  improved  subjective  methods  by  suitably  qualified  pilots,  should 

f°r  daraonat ra^ng  compliance  with  FAA  complement  criteria  for  new 
aircraft  (FAR  25  1523  Appendix  D) . 

/  4Un\teHd  Klngdora  th®  CAA  has  adopted  the  Joint  Airworthiness  Requirements 

tJARs)  which  Include  a  direct  reproduction  of  FAA  25  1523  (as  JAR  25  1523).  British 
Aerospace  elected  to  use  a  combination  of  techniques  to  assess  workload  in  the  BAe  146  - 

hQ  =  if1rSt  al”p,‘f«t  t0  be  cer,tlfled  under  JARs  -during  only  one  evaluation  exercise.  The 

WMSna  mlnl“alrllne  exercise  of  the  type  already  performed  by  Boeing  - 
Tn  !5Laiid  767*  McDonnell- Douglas  -  with  the  DC9-80,  and  Airbus  -  with  the  A300  FF. 

In  late  1962  three  teams  of  two  pilots  each  flew  consecutive  three-day  intensive  flight 

nnnQia^Hiar0,ind  a  clrcu1^  three  major  high  intensity  airfields,  with  crew  duty  hours 
nsiderably  in  excess  of  those  allowed  by  the  CAA  for  passenger  carrying  operations. 
Crew  workload  was  assessed  by  means  of  subjective  estimates  from  the  pilots  and  flight 

rT>4^^ea^l>iiSlriS4.4a  ,ratlnS scal®  and  post-flight  questionnaire)  and  by  recording  heart  rate; 
flight  deck  activity  and  performance  -  including  error  counts  -  were  monitored  by  video 
cameras  situated  on  the  flight  deck.  J 


Heart  rate  was  recorded  continuously  from  before  pre-start  checks  to  after  shut-down 
checks.  Isolation  pre-amplifiers  situated  on  the  cockpit  floor  fed  the  ECO  signal  as 
pulses,  to  a  Hewlett  Packard  9826A  computer.  Heart  rate  in  beat-to-beat  format  *  was 

2io£w?5[ed..4lrV  real  „tlmue  ™  the  computer's  in-built  CRT  and  then  plotted  out  by  a  HP  2763 
graphic  printer.  Each  plot  -  or  frame  -  was  for  300  sec  of  heart  rate  plus  a  60  sec  plot 
in  a  negative  direction,  le  from  the  previous  frame.  Fig  10  shows  a  typical  frame 
(recorded  during  a  take-off  from  Amsterdam).  yp  1  rame 
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„  ratings  -  using  the  ten-point  scale  developed  at  Bedford  -  werp  nht-ainpa 

1  rom  both  pilots  and  the  flight  observer  on  verbal  request  and  lieht  nicrnni  emm  «.», 
exerciae  controller  by  means  of  small  keyboards  ?IttedQ  to  the  cJJt5ol  column  anS  Hi 
observer  s  clip  board.  Ratings  were  plotted  at  the  time  of  request  -  according  to  a 

ill§VCF  £'™  l£eea  «eSUePl.°tfcar(tfei8  aX?/  inP^cXr,1^U13\^di%?ecorsfde^ 
workload  p^s^  ofthfllP/hetVls°uUcSh  1°  SS’  taS^anf '«?.%/' » 
less ’freVently?  ln“fllSht  failure  occurred;  during  the  cruise  ratings  were  requested 

workload  heart  "ate  waa  t0  augment  subjective  assessments  of 

lnterest^^I^'l^^h'^0  S^®salts  Sf or  ^he^^h8  workload  kphases^w^re^f0  particular 

Interest,  fig  ll  shows  plots  of  heart  rate  (30  sec)  and  of  ratings  from  a  handling  nii^ 
d  u  r  i  ng  °an  &ap  p roach and  de^ture  from  Hatfield  (A)  and 

rati  no-AVer"hn  t  WaS  reasonably  K°od  agreement  between  heart  rates  and  workload 

different)  pilot  s  heart  rates  and  their  ratings  recorded  during  a  take-off  and  denarturp 
a?.  ^terdam  (A)  and  an  approach  and  landing  at  London  (B);  it  is  interesting  that  the 
flight  observers’  ratings  showed  better  agreement  with  the  pilot's  heart  rates. 

In  addition  to  relating  heart  rate  with  subjective  ratings  each  beat-to-bpat  nlni- 

SnSZ&ZXl  ^^SSRJSaTSf1  rate>  f°r  ""'SStiS!; 

RELATIONSHIP  BETWEEN  HEART  RATES  AND  WORKLOAD  RATINGS 

The  use  of  heart  rate  to  augment  pilot's  subjective  opinions  of  workload  promnl-*?  t-hP 
Ahon?d°p:  aV?W  g°0d  u3  the  relatlonship  between  the  two  measures?  It  is  a  question  that 

Ssslsi  sasr1.  srju  ofThr 8eqoenoe  °r  tMka  -  «  »*  ^  -«& 

1  A  360°  turn  in  2  min  at  constant  altitude,  IAS,  and  rate  of  turn. 

A  360  turn  In  2  min  with  a  simultaneous  loss  of  2000  ft  in  altitude  at  a 
constant  IAS  and  rate  of  turn.  e  at  a 

3  A  360°  turn  in  2  min  with  a  simultaneous  2000  ft  altitude  loss  followed  bv  a 
IASSand  rate  of  Turn".  2  mln  Wlth  E  siraultaneous  gain  of  2000  ft  at  a  constant 

4  r e duct  1  on* 'of  loo^S?  &  slmultaneous  altitude  loss  of  2000  ft  and  speed 

each  tifsk  ^o^  if  PhP1°!i«1hear't  rate  13  raonltored  throughout  and  he  is  also  asked  to  rate 
referred  to  earlier  (Pig  1)?8  sub-task'  uslnS  the  ten-point  workload  rating  scale 

It  was  originally  intended  that  the  experiment  would  follow  a  design  based  on  fhp 

?  HAqUarae,Hlthh  each  piiot  flylns  the  sequence  four  times  in  different  order  In 

the  tat  -«■  ri™‘  “* 

Performance  was  measured  during  the  first  few  flights  but  as  It  became  clear  that 
difficult61^  ltV\Vin&  t0  achleve  there  best  performance  anyway,  and  as  it  was  proving 
Seen  measured err°r  SC°reS  t0  rat6S  and  ratlnss'  3ubsa3uent  sequences  have  Jo! 

All  subject  pilots  are  highly  experienced  but  those  not  current  on  the  aeroplane  are 

given  at  least  30  mins  familiarisation  before  being  asked  to  rate  the  tasks L 
pilots  unfamiliar  with  the  rating  scale  are  given  a  full  briefing  beforehand.  ’  y’ 

irnoa  u  pl^ots  have  flown  a  total  of  14  sequences  and  results  show  an  extremelv 

good  relationship  between  their  mean  heart  rates  and  their  workload  rating*?  fnr>  r 
reasonably  good  agreement  for  another,  and  no  agreement  at  all  for  one  pilot  This  latter 

Alnnnp?.l3wln  aCC0IId  wlth  Prevlous  observations  on  individual  responses  that  occaSionaUv 
a  pilot's  heart  rate,  whilst  responding  qualitatively  with  expected  changes  in  workload 
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fh«i?no.tCL!8re?  «.Vth  v?l8w  ®ubJecfclve  ratings.  Pigs  13  and  14  are  of  scatter  diagrams 
showing  the  relationship  between  heart  rate  means  and  workload  ratings  for  7  pilots. 

DISCUSSION 

Tba5,?  ls  n°W  3ubsbantial  evidence  to  suggest  that  during  normal  but  demanding  flight 
re3pon3e3  ln  experienced  pilots  are  determined  almost  entirely  by  their 
d’  30  lb  ls.  interesting  to  speculate  on  the  neuro-physiological  mechanisms  that  are 
be  involved.  Rarely  is  the  heart  rate  change  due  to  the  influence  of  ohvsiral 
t0  enJlr°nmental  stressors  which  in  normal  flight  are  quite  low,  although 
higher  rates  recorded  from  pilots  in  the  manual  control  loop  suggest  that  increased  neuro¬ 
muscular  activity  of  some  form  may  play  a  part.  neuro- 

Piloting  an  aeroplane,  especially  during  the  more  difficult  manoeuvres,  requires  the 

brain  to  collect,  filter  and  process  information  quickly,  to  exercise  ludgement  and  maicp 
decisions,  and  to  Initiate  rapid  and  appropriate  actions.  This  neurological  activity  - 
which  must  have  been  essential  for  the  survival  of  primitive  man  -  is  associated  with  a 

state  of  preparedness  sometimes  known  as  arousal.  Furthermore  there  is  exneMmont-ai 

comple^skllls lnoreased  "«u.al.  “P  to  a  moderate  level,’ eSceT ’a  s  SKiTfS 

«f«M^Un.>,impPK0V*ea  P6^0™06  (13).  It  has  been  suggested  by  several  people  that  the 

Perf°rmance  and  arousal  can  be  described  by  an  Inverted  'U'-shaped 

relationship®^'?^!!  ^  ^  meaSre  evidence  in  support  (14).  Nevertheless,  a  theoretical 
relationship  of  this  type  has  a  particular  attraction  in  the  context  of  flying  as  there  is 
evidence  that  both  under-  and  over-arousal  have  preceded  landing  accidents  wheJe 

performance  was  clearly  below  an  acceptable  level. 

,  ,Kher,e^1S  al3°  some  experimental  evidence  that  a  similar  inverted  'U'-shaped  function 
relationship  between  performance  and  task  demands  (15);  and  it  has  been 

levels,  of  arousal  are  determined  by  task  characteristics  or  demands,  by  how 
individual  perceives  the  situation,  and  by  how  he  responds  to  his  environment  (16) 
?f>v«Tle,-,<ran  speculate  that  a  Pilot  is  more  likely  to  produce  an  adequate  -  if  not  optimum  - 
°P  parf0™ance  by  matching  his  level  of  arousal  to  the  perceived  difficulty  of  the 
?he  re.sult  w111  dePend  largely  on  his  training  and  experience  although  if 

the  task  ls  a  novel  one,  as  happens  often  in  test  flying,  a  significant  element  of 

the1tiqlSIiemU|e  be  involved .  of  course,  the  level  of  arousal  should  be  high  enough  for 
fofi  taSk  lt3elf  and  also  high  enough  to  allow  for  the  unexpected;  for  example,  an  engine 
failure  on  take-off  may  require  extremely  rapid  and  appropriate  actions. 

«...  ?!?  0C3aai°ns  at  Bedford,  it  has  been  obvious  from  the  sudden  increase  in  heart  rate 

theertaqke  oP  a  manoeuvre  that  a  pilot  had  failed  to  anticipate  the  difficulties  of 

ta3k  and  aet  hls  arousal  accordingly.  Conversely,  high  heart  rates  have  been 

noMnpahi  Whf n  tVhv?t’e  was,  ®lement  of  uncertainty  about  the  task;  this  was  particularly 
lading  in  tol  m  take"offs  and  for  a  pilot's  first  approach  and  manual 

occaslonally°withAw0rkload1  ratings^'  8  3  tend6nCy  f°P  heaPt  Pate  leVels  to  dlsagree 


Support  for  these  speculations  is  provided  by  experimental  evidence  showing  that 
appropriate  pathways  in  the  brain  and  central  nervous  system  do  exist.  The  concept  of 

functlo™)8  anJ?  °„V<’",5",Pllf.l.Ca;l0n  0f  00"‘>1“  -uro-physioloslcL  Sohinl.M  bS?  ft  U 
functional  and,  providing  it  is  not  confused  with  emotion,  it  explains  the  relationship 
between  a  pilot  s  workload  and  his  heart  rate  in  a  convenient  manner. 

with  °K  phy3lol°gical  variables  to  Indicate  levels  of  workload  has  been  viewed 

many  people  and  the  use  of  only  one  variable  -  such  as  heart  rate  -  has 
I*  partl?ular-  However,  many  of  these  criticisms  have  been  based  on  Ehe 

llveis  of  workload e*peClments  where  Huite  often  the  task  and  the 

can  b®  argued  that  in  using  heart  rate  to  augment  pilots'  subjective  ratings  two 
variebles  are  being  used;  but  it  is  questionable  whether  they  are  really  separate  measures 
-  the  relationship,  already  discussed,  between  perceived  difficulty  ofythePtask,  arousal 
and  heart  rate  precluding  true  independence;  although,  as  the  actual  neurological 
mechanisms  are  uncertain  the  possibility  of  conscious  unawareness  must  exist. 

rafc®  and  subJective  ratings  are  relatively  coarse  measures  -  a  fact  which  is 
often  criticised  by  scientists  accustomed  to  using  more  precise  measuring  techniaues  But 
when  one  considers  the  Individual  variations  in  the  different  aspects® of  skill  betw?eJ 
pilots  and  even  within  the  same  pilot  from  time  to  time,  the  search  for  minor  differences 
xnZi°iff;ay  be  Teall,SblC  ln  real-world  conditions.  it  is  alsoworth  noting  EhaE 
*ces  ln  w°rkload  may  be  m°re  theoretical  than  real  and  so  before  deciding 

iEnoEtLt  to bh ratS  0tlvSli  itCtlV®  ratlngs  can  differentiate  between  workload  levels  it  if 
important  to  be  sure  that  there  is  in  fact  a  real  difference  (10). 

at  Bedford  has  3hown  that  when  a  pilot  is  in  the  control  loop,  or  is 
n  e,r\ter.  ,tbe  l0°P,  and  when  the  flight  task  is  reasonably  demanding,  heart  rate 
will  usually  identify  meaningful  changes  or  differences  in  workload.  When  the  task  is 
relatively  undemanding  or  when  the  pilot  is  ln  a  purely  monitoring  role  as  happens 
frequently  in  the  new  generation  of  civil  transport  aircraft,  heart  rate  alone  may  not 
dn8CRolmln4«e  befcwean  araa11  differences  in  workload  -  although  subjective  ratings  may7 well 
so.  Assessment  of  cognitive  activity  of  this  type  is  more  difficult  but  often,  in 
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these  instances,  visual  inspection  of  beat-to-beat  plots  will  reveal  chances  in  the  deeraa 
c h a n g e s  ^1  n °m  e  n  t  a  1  ^w^rkl o a  ^inus  arrhythmia)  which  may  signify  significant 

.  *.  Monitoring  heart  rate  during  flight  seems  to  be  readily  accepted  bv  pilots-  Radfond 
"to  bJ  'he  Pll0t*  "h°  flna  “elr  result“  ’’•W  *»  rec.Hlng  various  “plSfS 


.n  ei1!?  f1lria<1  o0rm  the  workload  fating  scale  has  been  generally  welcomed  bv  pilots 

fsvnnnahi  °n  h  the  ®°elnS  737  by  airline  pilots  unfamiliar  with  the  technique  These 
by  pJKJi^JTCJS  S.P«SVbi,^\SLt;?  spar^cs^jacity"1' l0n  °f  -kload' accepted 

than  to  consider  the  workload  level  over  the  previous  period  or  task 

sss&ss  « SS  £~i  “Si-ss 

iiS'S.ri"' hTI  5m” Mltng?*fri”ri,1,).r*tln8*  asreed  "°re  cl0s9lj'  "lth  ">•  e11”’*  *«»« 

workload?11  obsei'vatlons  underline  the  need  to  use  at  least  three  pilots  when  assessing 
CONCLUSIONS 

„„nf.So,fap  evidence  supports  strongly  the  use  of  the  methodology  described  above  in  the 
following  ““""ti  bi  bi?5*iS*ilS:fllSl’ti  »“  underll„el  the  need  for  the 

iide1isto"oPd0rh,anpllo°ts“Se  *  “U  d"1S™d  ra“"E  SCal9  W,,lon  15  “  “■«  *»a  full, 

such  ratings  are  increased  in  value  by  recording  the  pilot's  heart  rate; 
control?1*  re3p°nse3  are  idiosyncratic  and  so  each  pilot  should  be  used  as  his  own 

to  a  large  extent  the  3ame  applies  to  subjective  ratings; 
neither  heart  rate  responses  nor  ratings  are  absolute  measures  of  workload. 
mo  k  lTl  thf  l0Jng  tecm  a  mor’e  sophisticated,  reliable  and  sensitive  measure  of  workload 

k  2Shf;s„^pSs^ln* the  u3e  °r  a  t,ahi"9“a  -a»ad 
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PILOT  WORKLOAD  RATING  SCALE 
(for  a  (pacified  piloting  talk) 


DtcWoaTiat 


E«°«#  capacity  for  al 
daahabk  additional  taafca 


*■  workload  ■■■factory  |  EX) 
without  reduction’ 


Inauffkatut  tpara  capacity  for  aaay 
atiaatioa  to  addkloaal  tada 

WL  4 

Reduced  tpara  capacity  additional 
taak a  cartaot  hr  praa  tht  dtttrtd 
amount  of  attcnlloa 

WL  5 

apart  capacky  krai  of  effort 
afowa  ktk  artaaUoo  to  addutoaal 
tadta 

WL6 

Vary  Ink  tpara  capacity,  but 
nltaanca  of  rfforl  to  tht  primary  *L  7 


«■  workload  toktask  lot 
thataak* 


Vary  htph  workload  with  ahnoal  ao 

tpara  capacity  DtffWuky  la  WL  I 
matwtjwuai  land  of  tffen 


Eitronety  tupfi  workload  No  tpara 
capacity  Srrtoua  doubti  at  to  abtllly  WL* 
to  iMUilain  krai  of  effort 


NO 

Taak  abandoned  Plbt  unabk  to 

■ 

apply  MiffidcM  tfToci 

WL  10 

Pig  1  Pilot  Workload  Rating  Scale 

The  pilot  starts  his  decision-making  process  at  the  bottom  left 
corner  of  the  'decision  tree'. 

The  workload  being  assessed  is  that  involved  inthe  execution 
of  the  primary _ task. _  The  pilot  will  almost  certainly  be 
performing  additional  tasks,  but  the  effort  expended  on  them 
must  be  included  as  part  of  his  spare  capacity. 
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Pig 


2  Overall  mean  30  sec  heart  rates  (±SEM)  for  four  statistically 
designed  sorties  of  single-segment  experimental  noise  abatement 
approaches  in  an  HS  7^8  Andover  -  one  pilot.  The  arrows 
indicate  the  epochs  centred  on  the  touchdown. 


Htart 

Ratt 

bcati/min 


Pig  3  Overall  mean  30  sec  heart  rates  for  7J°/3° 
two-segment  approaches  and  for  conventional 
3°  approaches  in  an  HS  7^8  Andover  -  one  pilot. 
The  arrow  indicates  the  touchdown  epoch. 
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Pig  4  Overall  mean  30  sec  heart  rates  for  5°/3°  two-segment  approaches 
and  for  conventional  3°  approaches  in  a  VC-10  -  two  pilots. 

The  arrows  indicate  the  touchdown  epoch. 
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Typical  beat-to-beat  heart  rates  (PI  and  P2 )  recorded  during  ai 
autopilot  approach  and  manual  landing  in  fog  (RVR  200  m)  BAC 


p<  0  001 
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Fig  9  One  pilot's  heart  rate  responses  and  workload  ratings  for 
manual  landings  in  fog. 


Pig  10  Example  of  beat-to-beat 
heart  rate  plots  and  workload 
ratings  from  the  BAe  146  certi¬ 
fication  programme.  (Recorded 
during  a  take-off  from  Amsterdam.) 


Heart  Rate 
beats /min 

140  r  A 


Workload 

Rating 


130 

120 

110 

100 

90 


Pig  11  Plots  of  man  heart  rate 
responses  (30  sec)  and  of  work¬ 
load  ratings  from  the  handling 
pilot  and  flight  observer  - 
3  BAE  146. 

A  -  Take-off  and  departure  from 
Hatfield. 

2  B  -  Approach  and  landing  at 
Amsterdam. 
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►  Heart  Rate 
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Pig  12  Plots  of  mean  heart  rate 
responses  (30  sec)  and  of  work¬ 
load  ratings  from  the  handling 
pilot  and  flight  observer  - 
BAe  146. 

A  -  Take-off  and  departure  from 
Amsterdam. 

B  -  Approach  and  landing  at 
London . 
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Pilot  Ratings  o— ■ ^Observer  Ratings 


